Introduction
Propagation and localization of light in discrete systems such as photonic structures with a periodic modulation of refractive index has become the subject of intensive investigations [1] [2] . Unique properties of the system, arising from the lack of its rotational symmetry, offer the possibility of applications in all-optical switching [3] [4] [5] and readdressing [5] [6] . In various nonlinear materials, the variety of discrete optical phenomena observed to the date in waveguide arrays includes discrete solitons [2, [7] [8] [9] [10] , gap solitons [11] , discrete breathers [12] , multiband solitons and their interactions [13] , discrete blockers and routers [3, 4] . Moreover, the specific geometry of the system allows for the investigations of phenomena typical for multi-level quantum-mechanical-like systems, including linear and nonlinear Bloch oscillations [14] [15] [16] [17] , as well as the dynamics of accelerated lattices, among which Landau-Zener tunnelling is an important aspect [18] [19] [20] [21] . The latter effect may occur in a generic quantum system accelerated by an external force [22] . In the case of an optical lattice, light can tunnel between different Bloch bands when a non-adiabatic gradient is applied across the (periodically modulated) refractive index profile [18, 20] .
In this paper we investigate Zener tunnelling obtained through an all-optically induced acceleration in a one-dimensional waveguide array realized in nematic liquid crystals (NLC), which have been proven to be excellent materials for both linear and nonlinear optics [23] [24] [25] . The main advantage of such a system is its voltage-controlled flexibility which, at variance with solid state waveguide arrays, allows for precise adjustment of each individual channel as well as their mutual coupling in both linear and nonlinear regimes. Moreover, the electro-optic and all-optical response of NLC permits the design and realization of fully tunable architectures. Linear and nonlinear phenomena, including discrete diffraction and discrete solitons [26, 27] , as well as nonlinear angular steering [27, 28] multiband vector breathers [29] and Bloch oscillations [30] have been previously reported by us in such voltage-controlled NLC arrays.
A sketch of the analyzed structure is shown in Fig. 1 . A few-micron thick film of PCB (4-cyano-4'-n-pentylbiphenyl) nematic liquid crystal is placed between two glass plates. The anchoring conditions provided by the glass surfaces determine the planar alignment of the molecular director along z (corresponding to the direction of light propagation). To introduce a spatially periodic modulation of the refractive index inside the NLC layer, a comb-shaped transparent indium-tin-oxide (ITO) electrode (with identi- cal finger width and spacing) was placed on one of the plates. The application of an appropriate voltage then causes reorientation of the NLC molecules in the x-z plane [23] [24] [25] . In such a way the refractive index seen by TM-polarized light increases, according to n n n
the NLC optical birefringence (for PCB n || = 1.68 and n^= 1.52 at the wavelength 1064 nm) and è is the orientation measured between z and the major molecular (optic) axis. The refractive index mainly increases in the regions under the comb-shaped electrode and creates a set of parallel identical channels providing confinement of TM modes in the transverse x-y plane.
The concept of all-optically induced Zener tunnelling in such a structure is presented in Fig. 2 . A wide Gaussian beam (the pump) is injected into the array. It decreases the refractive index through the self-defocusing response of PCB and the new distribution encompasses a non-adiabatic acceleration in two transition regions [ Fig. 2(b) ]. A low intensity (probe) beam excites Floquet-Bloch (FB) modes of the first band and propagates in the array at its maximum transverse velocity (minimum diffraction); if accelerated in the one of transition regions, the probe can Zener tunnel to the next band. In this way, the signal, which initially is a superposition of FB modes belonging to the upper band, is transferred to the next lower band, hence changes its transverse velocity and its angle of propagation.
Theoretical analysis and numerical results
As mentioned above, in order for light to tunnel from an upper to a lower band, a decrease in refractive index is necessary and therefore self-defocusing. To this extent, we took advantage of the thermal response of NLC near to its transition temperature (for PCB it is close to a room temperature) [24] . Additionally, the bias has to be adjusted to have a large reorientation angle [25] and maximize the thermo-optic response with respect to the reorientational one. In this way we can assume the thermal nonlinearity to dominate the all-optical response and neglect the reorientation in our model (and in the experiments).
The NLC thermo-optical response can be modelled by three coupled equations. The steady-state index distribution can be calculated using the Euler-Lagrange equation describing molecular reorientation as the result of free energy minimization under a low-frequency electric field [23- 
with the vacuum wavevector k 0 = 2p/ë. Finally, the pump-induced temperature variation ÄT (the total temperature is T = T 0 + ÄT, with T 0 the bulk temperature) is described by
where k is the NLC thermal conductivity and the product aI pump is the heat generated per unit time and space by the pump of intensity I pump . Several approximations can be used to reduce the number of degrees of freedom in Eqs. (1)- (3) [31] . Firstly, the orientation angle is taken asg ( , )~( , ) x y x y = + , with the mean valueq p = 4 and the small periodic modulation g g ( , )
( , ) x y x y = +L , being L the lattice period. In this way, the solution for g can be found by using the method of strained parameters [32] . Moreover, to reduce Eq. (3) we assume that the influence of nonlocality is different in x and y, mainly because of the strong asymmetry of the sample (much wider than thick). Hence, the temperature distribution can freely widen along y, where no boundaries are present. On the other hand, an input beam of x-waist comparable to the cell thickness d, is not affected by non locality, owing to the boundary conditions that fix the tempera- . An intense pump is launched straight into the array (a) and decreases the refractive index due to a thermal response (b). A minimally-diffracting low power probe is accelerated in one of the transition regions and tunnels to a higher-order Bloch band, changing its transverse velocity (c).
ture. As a consequence, for the local response along x (i.e., for ¶ ¶ [33] . Eventually, in the case of small transition regions (comparable to the lattice period L), it is possible to reduce Eqs. (1)- (3) to the dimensionless Schrödinger-type equation
with Z and Y normalized coordinates, Y the beam envelope, 4), [31] the original Zener model can be retrieved, which predicts tunnelling between different bands [34] .
To verify the tunnelling effect in the array it is necessary to be able to precisely control the position of the energy maxima of the excited modes. From the experimental point of view this is rather difficult when the period L is comparable with the wavelength ë. However, since each band is characterized by a specific maximum in propagation angle, (the normal to the dispersion curve, see the black arrows in Fig. 3(a) ), one can ascertain tunnelling by observing the resulting propagation angle after acceleration. Increasing band number, the maximum transverse velocity increases and the mode can travel at a larger angle (with respect to z) after Zener tunnelling. Figure 3 
Experimental results
Experiments were carried out in a 1D photonic lattice with L = 4 ìm and d = 6 ìm, with nematic PCB. Two mutually incoherent laser beams of the wavelength ë = 1064 nm were launched into the sample. The light scattered from the y-z plane was observed trough a microscope and collected with a high resolution CCD camera, synchronized with the pump.
Checks were performed to characterize the nonlinear response to the pump. When the power injected into a single channel increased from P pump = 1 mW to 6 mW, the change in a refractive index owing to the thermal response lead to defocusing. The transverse refractive index was reduced and a wider beam spreading was obtained in the y-z plane [Figs. 4(a) and 4(b)].
Zener tunnelling was obtained by launching an intense pump in order to decrease the NLC refractive index and induce the transition regions and the acceleration for the probe [35] . The pump was a Gaussian beam of waist w oy = 15 ìm @4 L, which corresponds to a Rayleigh distance of about 1 mm. The latter prevents any overlap with the probe after tunnelling. The experimental demonstration of all-optical Zener tunnelling is presented in propagation and slight diffraction of the probe (with waist w oy = 1.5 L and power P probe = 1 mW), initially coupled to band 1 at its maximum transverse velocity, is visible when no pump is present [ Fig. 5(a) ]. As the pump power increases, no considerable effects are observed until a sufficient all-optical acceleration is induced. For a pump with P pump = 30 mW (its direction indicated by a dashed line in 
Conclusions
We presented all-optically induced Zener tunnelling in a one-dimensional photonic lattice in electro-optic and selfdefocusing nematic liquid crystals. The experimental results are in excellent agreement with the theoretical predictions and numerical analysis and demonstrate an entirely novel approach to Floquet-Bloch band-to-band tunnelling. 
